We develop a model for a fault in which various areas of the fault plane have different stress-slip constitutive laws. The model is conceptually simple, involving nonlinear algebraic equations which can easily be solved by a graphical method of successive iterations. Application is made to the problem of explaining seismicity patterns associated with great earthquakes. The model quantitatively explains phenomena associated with seismic gaps, asperities, and barriers.
strains and stresses, thereby allowing use of singular dislocation solutions to describe deformation due to earthquakes at the plate boundary. Thus we speculate that this solution method can be viewed as a perturbation approach, in which the dislocation solutions represent a higher-order perturbation (small strain) on the lowest-order solution, steady slip. At the present time we cannot prove that a perturbation scheme like this exists for this problem or that it genesrates the correct solution, although we feel that it is certainly a reasonable approach. Consistent with the above comments, we take the "lowestorder" solution to be uniform slip everywhere on the boundary z = 0 between two elastic half spaces, z > 0 and z < 0, at the Slip velocity Ve. Since we are not interested in the absolute magnitude of the displacement of the plates from the beginning of time but only in the difference in displacement between two epochs, we will not be concerned with the details of stress and nonlinear strain within the plate. Uniform slip on the boundary at a rate Ve will produce uniform motion in the half space z > 0 of 0.5Ve, and in the half space z < 0, of -0.5Ve. Note that for a linear elastic constitutive law, steady slip at the boundary together with bounded •:oo and Ve implies •oo = 0 for strike-slip plate boundaries. However, it is expected that the plate is characterized by a nonlinear constitutive relation between, say, Cauchy stress and some frame indifferent measure of deformation or deformation rate [Truesdell and Noll, 1965] , so that the far field stress •:oo is produced from the basal shear stress %. In any case, as will be seen later, the solution derived in this paper depends only on the difference between •oo and the fault stress, so the absolute magnitude of • is unimportant. That is, constitutive laws relating fault stress to slip, needed for complete solution of the problem, can in actual fact be regarded as constitutive laws relating relative stress to fault slip, since the far-field stress •oo appears in the solution as an unconstrained parameter. Since the other solu-. tions to be superposed on this one involve no other stresses or displacements at infinity, the stresses and velocities at infinity are then •oo and _-_+0. SVe (the sign depending on the side of the plate boundary), as specified above.
-The "perturbation" solutions to be superposed are solutions to dislocation problems. Suppose that we are given a compact surface I] in the z plane, and suppose that we possess the solution S(5) to a problem in which the slip • on the surface I; is specified and for which all displacements and stresses vanish in the far field at infinite distance from the surface. Let us now allow discrete episodes of slip to occur at the times tx, t:, ..., t n, so that the variables 5(tx), 5(t:), ..., 5(tn)define a history of slip on the fault in response to the plate velocity and stress pair •oo, Ve. These solutions, S(5) and S(-Vet), when superposed upon the solution in the paragraph above, yield the solution to our problem. Practically speaking, the solution S(5) turns out to be linear in 5, so that superposition of the second and third solutions yields S(•-Vet), where the • are given. Note that upon the surface I;, slip is zero between events, is 5(t•) at time t•, and accumulates a net offset at the rate Ve. Moreover, the stress and plate velocity at infinity are •oo, Ve as desired, since the two solutions S(5) and S(-Vet) contribute no far-field perturbation stress or displacement for finite 5 -Vet. Outside of the surface I; but on the plane z -0, the boundary is freely sliding at the rate Ve. If it is desired that the exterior region to I; have stick-slip behavior, then it is necessary only to embed the fault within a larger fault, and so on.
The solution derived here in principle satisfies the governing differential field equations external to the slip surface, the boundary conditions at infinity, on the free surface z = 0, and on the surface I;. We therefore postulate that this solution is "close" in some sense to the correct solution, given our uncertainty about permanent inelastic deformation within the plate. Since no uniqueness theorem is available for general inelastic materials, we cannot claim uniqueness' the lowest order solution, the steady state part of the total superposed solution, is clearly nonunique. However, the dislocation part of the total solution, S(5-Vet), is unique, given the assumption of incremental elasticity for the plate. This procedure has been used in the past to model cyclical earthquakes on both infinitely long strike-slip faults [Savage and Prescott, 1978] as well as infinitely long thrust faults [Savage, 1983; Thatcher and Rundle, 1984] . The justification given for its'Use was only that it seemed a reasonable method for calculating the deformation due to cyclic e•arthquakes on a fault.
It may be argued that simple models of this type have been superceded by more complex numerical models [Stuart, 1978 [Stuart, , 1979 Stuart and Mavko, 1979] . However, it is our feeling that simple analytic models of the present type can provide a degree of physical insight not possible with much more complex models in which the interrelationships among the variables are not.always intuitively clear. The advantages of computationally simple models such as these are clearly displayed as well by the simple spring-block slider model of an earthquake, still in common use by a variety of authors [Cohen, 1978; Dieterich, 1981 Dieterich, , 1980 . Moreover, McGarr [1981] has shown that problems of this type can have important applications in calculating strong ground motion response to faulting.
In section 2 we solve the problem of a circular fault subjected to far-field stress •oo. In section 3 a solution technique is discussed which can be used to solve the governing equations b y graphical perturbation, when an appropriate stress-slip constitutive law is given. Section 4 discusses the case of time periodic earthquakes and gives a pictorial illustration of the relationships between the field quantities. Section 5 shows some numerical calculations for synthetic earthquakes, assuming Mohr-Coulomb failure laws for a circular fault with two regions. Finally, section 6 discusses some applications, particularly to the October 1980 New Hebrides earthquakes.
Owing to the rather involved mathematical derivations in sections 2 and 3, the casual reader may want to skip these. In order to facilitate this mode the discussions in sections 1 and 4-7 have been made as self-contained as possible and make only minimal reference to the derivations. The central result of sections 2 and 3, which is used in the following discussions, can be found in equations (47) and (48). These relate the slip in the outer and inner regions of the circular fault to the stresses on the inner and outer regions.
MODEL
We start by considering an infinite linear elastic medium within which is embedded an ellipsoidal inclusion. The inclusion is supposed to be constructed of a material with elastic moduli different from the moduli of the surrounding material. For the case in which a general far-field stress is applied to the elastic medium, oeshelby •1957-1 derived the deformation within the inclusion by an elegant integration of the Green function for an elastic medium. His method is based upon finding the deformation everywhere within an elastic material from an "equivalent" inclusion which has been given a stress-free transformation strain eo r. Then, by application of boundary conditions the strain %r is found in terms of the applied far-field stress (or strain), the two sets of elastic moduli, and a shape factor S0k t. Thus the problem reduces to finding the deformation due to application of eo r. 
where the elastostatic Green function U) is given by
Here Fj is the magnitude of the point force in direction j. In hi• classic paper, Eshelby [1957] shows that the "constrained strain" eo c within the inclusion is uniform and is given by eo c= Sijtaeta r
where So•,t is a set of shape factors which depend on both the geometry of the inclusion and the elastic moduli. This problem, whose solution is outlined here, is often termed the equivalent inclusion because it holds the key to solving the following problem. Consider an ellipsoidal inclusion of the same shape and size but with moduli 2x,/•x, embedded in a matrix with moduli 2,/• which is subjected to a far-field stress a0 ©. (26) and (27) to denote either of (a•, ao).
As discussed previously, S•3•3•(R), S•3•3U(R), S•3•3•(R)
can be calculated by straightforward methods. However, we observe from the asymptotic forms of these quantities [Eshelby, 1957] For an asperity one third as large as the entire fault plane, a0 = 3ai, and (29) 
•i-L + L
These are the equations to be solved for given z © and prescribed stress-slip constitutive laws between zo-•o and
In defining constitutive laws for the fault stress-fault slip, we note, as does Rice [1979] , that these laws of necessity incorporate the effects of distributed inelasticity in a region surrounding the fault plane. Moreover, slip on the fault plane is averaged in such a way that failure occurs simultaneously on every portion of the outer re,on and every portion of the inner region. Additionally, (47•48) are rather general in the sense that any deviations of these equations from the true governing equations can be "absorbed" into the stress-slip constitutive laws. For example, the z-$ constitutivc law is assumed to incorporate the effects of changing normal stress on the fault plane as instability is approached. Thus constitutive laws determined from real seismicity data ought nevertheless to provide true insights into other independent data sets. Equation (53) defines a line on the z -6 graph. Since z © is independent of (5, the line intercept is z ©, and slope is -L•/Do. Notice that the slope, which is the effective stiffness, is directly proportional to the exterior shear modulus and inversely proportional to the diameter of the fault. The effective stiffness concept has been discussed in detail previously [Walsh, 1971] .
Once Zo (ø) has been defined, (54) 
we obtain In Figure 11 we show the dependence of two slip ratios on normalized asperity size predicted from the model. The solid curve is the ratio of slip rate in the outer ring to plate velocity. Recalling the assumptions discussed above, we note that all of the slip in the asperity region is considered to be released during an earthquake cycle at the time of the mainshock. Hence we can alternately write this ratio as the ratio of the total moment in the aftershock region during the interval between mainshocks to the total moment of one mainshock sequence. The dashed line on Figure 11 represents the ratio of triggered slip due to aftershock occurrence to slip in the region of the asperity. Again, this curve can also be considered to be the ratio of total aftershock moment to total mainshock moment. Note that this identification of slip ratios with moment ratios depends critically on the assumption that little aseismic slip exists on the aftershock portion of the fault plane. This assumption is probably invalid in a number of subduction zones (see, for example, Thatcher and Rundle [1979, 1984] and Table 2 of Lay et al. [1982] ). If, for any given time interval, background, mainshock, or aftershock, this proves to be a poor assumption, the corresponding moment calculated for that period will be too low. One common problem is probably neglect of very short term postseismic slip in both the mainshock and aftershock regions, so that plotted points would fall at too low an ordinate on Figure 11 . Another problem is that the theoretical calculation models the effect of neighbo.ring mainshock-aftershock sequences as simply steady slip at the background rate. This assumption means that short-term variations in the background slip rate and in the patterns of mainshock-aftershock sequences, due to large nearby events, are neglected. This assumption will affect the ordinates of plotted points in a nonsystematic way.
Using the ratio of moments approach, we have plotted points for several earthquakes on Figure 11 . Events in the Marianas, where no large mainshocks occur, and in Alaska, These two events, which are described below, both displayed some aftershock area expansion from the centrally located mainshock region, which indicates that they are probably characterized fairly well by the model of a uniform asperity embedded within a larger slip zone. As described above, the October 1980 Loyalty Islands earthquake sequence involved a series of four mainshocks followed by a series of aftershocks extending over the 2400 hours following the main events, expanding to fill the area shown in Figure 10 . In order to calculate the moment ratios discussed above we define three periods: period 1 is the "background period"; period 2 is the "coseismic period"; and period 3 is the "period of triggered slip". From the NOAA catalog we extracted all events larger than magnitude 5 which occurred within the box defined by the latitude-longitude vertices (-21. periods will display similar variation, and so we simply use the moments determined from the Ms-Mo relation and the NOAA catalog. Using these values, the ratio of the moment for periods 1 to the ratio of the moment for period 2 is 0.02; and the ratio of the moment for period 3 to the moment for period 2 is 0.12. These are plotted in Figure 11 at the point corresponding to the ratio of asperity diameter to aftershock zone diameter characteristic of this region, 0.3. As can be seen, the ratio of background moment rate to plate convergence rate falls below the appropriate curve, while the ratio of triggered aftershock moment to mainshock moment falls on the theoretical curve.
In a manner similar to the Loyalty Islands earthquake we plot the data for the June 12, 1978, Ms = 7.7 Miyagi-Oki earthquake. This event occurred at a depth of about 40 km on a shallow-dipping fault and had a total aftershock expansion area of about 2400 km 2 [Tajima and Kanamori, 1981] . Repeat times in this area are about 100 years [Lay et al., 1982] , and the ratio of asperity diameter to aftershock zone diameter is about 0.5 [Tajima and Kanamori, 1981] . In order to calculate the total moment for the mainshock period and the period of triggered slip we take all events greater than magnitude 5 contained within the box bounded by the latitude-longitude vertices (38. Although we will not explore the question in any detail, it is also possible that mainshock mb/M s should vary predictably with Di/Do, background activity rate, the degree of aftershock expansion, and moment release of aftershocks. The justification for this suspected relationship is the idea that rnb is related to asperity size, while Ms is related to total fault area, including aftershock area [Lay et al., 1982] . We also speculate that stress drops in events of a given region may display greater consistency if proper account is taken of relative sizes of asperity to total fault area. The ratio of stress drop on the asperity to stress drop over the aftershock ring may then be related to m•/Ms as well as the other quantities mentioned above.
As mentioned above, the kinematics of the system appear to control the interevent recurrence time. Also, the recurrence time at a particular location is dependent on triggering effects from slip on nearby fault segments whose influence "diffuses" gradually along the fault. This is shown by reference to Figures 6-9 . During the interval between mainshocks, activity on the outer ring, say, of Figures 6 and 8, occurs at a steady, predictable rate and is both slip and time predictable in the sense of $himazaki and Nakata [1980] . However, when slip on a neighboring segment such as the asperity occurs, this simple relationship is destroyed, and activity in the outer ring is elevated to a new time or slip predictable asymptote. Hence a simple time or slip predictable model is not valid for segments in fault zones which suffer from significant triggering effects due to nearby faulting. Thus, although time or slip predictability may hold for a limited window in time or space, this model suggests that it cannot hold over long times at any location. We note that patterns of recent events along the EcuadorColombia coast provide support for this result [Kanamori and McNally, 1982] .
SUMMARY AND CONCLUSIONS
We have formulated a simple model for an earthquake which incorporates the new feature of an inhomogeneous stress distribution upon the fault. This model is based upon techniques developed by Eshelby [1957• and corresponds well with observed geometry of mainshock-aftershock sequences. Using the model, one can specify the stress-slip constitutive law and apply either constant far-field displacement or constant far-field stress to the fault. In this way, sequences of earthquakes can be generated.
As a simple first experiment we have chosen a MohrCoulomb failure criterion for a two-part fault model. We find that for this case the kinematics of plate motion govern the average properties of an earthquake cycle. Additionally, it can be easily demonstrated that seismic triggering of adjacent faults is a real effect.
